Objectives: The arginine catabolic mobile element (ACME) is a novel staphylococcal genetic island. ACME is located downstream of the staphylococcal cassette chromosome mec (SCCmec), forming the ACME -SCCmec composite island. Recently, ACME II (located upstream of SCCmec IV) was described from a methicillin-resistant Staphylococcus aureus (MRSA) strain M1 in Denmark (ST8-MRSA-IVa) and 15 MRSA isolates in Ireland (ST22-MRSA-IVh). We report the novel genetic characteristics of the ACME-SCCmec composite islands found in Japanese community-acquired MRSA (CA-MRSA) isolates.
Introduction
Methicillin-resistant Staphylococcus aureus (MRSA) is an important human pathogen in both healthcare and community settings. The arginine catabolic mobile element (ACME) is a novel class of staphylococcal genetic islands that was first discovered in the community-acquired MRSA (CA-MRSA) clone USA300 genome.
1 ACME contains two main gene clusters: an arc gene cluster (arcC, arcB, arcD, arcA and argR), which differs from the native chromosomal arc cluster of staphylococci, and an oligopeptide permease operon (opp) gene cluster (opp-3A, opp-3B, opp-3C, opp-3D and opp-3F). 1 To date, three types of ACME have been identified. Type I (ACME I) consists of both the arc gene cluster and the opp gene cluster, type II (ACME II) contains the arc cluster but no opp genes, and type III (ACME III) carries opp without the arc cluster. 1 -3 ACME has been reported mainly from ST8-MRSA-IVa isolates, 4 -6 including USA300, but has also been detected in a small number of other S. aureus lineages.
4,7 -10 In addition, it has been detected in coagulasenegative staphylococci (CoNS) species. 1 -3,11 The prevalence of the ACME-specific arcA gene (ACME-arcA) in CoNS is as follows: 51% (65/127) in Staphylococcus epidermidis isolates from different geographic areas, 2 68% (53/78) in methicillin-resistant S. epidermidis (MRSE) from Algeria, Cambodia, France, Mali and Moldova, 3 and 48% (42/88) of Staphylococcus haemolyticus isolates from China. 11 High genetic diversity has been shown in ACME of S. epidermidis.
2,3 Miragaia et al. 2 genetically dissected ACME in 127 geographically diverse S. epidermidis isolates and identified 39 distinct ACME genetic variants. One of the variants, termed ACME-I.02, contained nearly identical sequences to the prototypical ACME found in USA300, suggesting that interspecies transfer of ACME occurred from S. epidermidis to S. aureus.
2
The presence of ACME has been implicated in the successful spread of the USA300 strain by enhancing colonization. Whereas the precise function of ACME has not yet been determined in S. aureus, ACME has been shown to enhance fitness and ability to colonize the skin and the mucosal surfaces in rodent models. 12, 13 The ACME-arc gene cluster encodes a complete arginine deiminase pathway, also called an arginine deiminase system (ADS), which enables cells to produce ornithine, ammonia, CO 2 and ATP from arginine hydrolysis, augmenting the acid tolerance of the organism. 14 The physiological roles and mechanisms of the ADS are well documented in abundant commensal oral streptococci, such as Streptococcus gordonii.
15
The ADS is present in the chromosomes of all S. aureus; therefore, the additional ADS encoded by the ACME-arc cluster is speculated to improve bacterial survival and growth in its host. 1 With some exceptions, ACME is located adjacent to the staphylococcal chromosome cassette mec (SCCmec). Both elements are flanked by homologous inverted-repeat and direct-repeat (IR/DR) sequences, which use the same attachment site for integration within orfX, creating an ACMESCCmec composite island. This suggests that ACME integration and excision could be catalysed by the SCC-encoded cassette chromosome recombinases (ccrs). 1, 2, 12 Two novel types of ACME -SCCmec composite island have been reported from MRSAs with two distinct genotypes. One strain (M1), isolated in Denmark, belongs to ST8-MRSA-IVa, 6 whereas the other strain, collected in Ireland (15 MRSAs including the representative isolate, M08/0126), belongs to ST22-MRSA-IVh. 10 Each element contains nucleotide sequences highly homologous to ACME II in S. epidermidis ATCC 12228. 1 The ACME II-like element harboured by M1 and M08/0126, however, lacks the genes coding for mercury and cadmium resistance.
6,10 The ACME-SCCmec composite island of M08/0126, which is the smallest ACME, contains only 12 kb of ACME II sequences, consisting of the arc gene cluster, its flanking regions and an additional insertion sequence (IS431) immediately adjacent to the ACME region in M08/0126. 10 These ACME II truncated forms are inserted between orfX and SCCmec, not downstream of SCCmec. These findings are indicative of a high rate of genetic exchange and recombination between staphylococcal species. 6, 10 In Japan, ACME has been reported previously from three cases of USA300 infection, 16 -18 and the genetic organization of ACMESCCmec composite islands remains poorly analysed. A previous investigation of 1015 S. aureus isolates identified ACME -arcA in two Panton -Valentine leucocidin gene (pvl)-negative CA-MRSA isolates with the genotypes ST5-MRSA-V (SR141) and ST5-MRSA-II (SR388). 19 In the present study, we report the novel genetic characteristics of the ACME -SCCmec composite islands found in these isolates.
Materials and methods

Bacterial strains
Two CA-MRSA isolates, which were PCR positive for ACME-arcA, were collected from outpatients in Hokkaido, Japan, in 2009 (SR141 and SR388). SCCmec typing, multilocus sequence typing (MLST), the assignment of MLST-based clonal complex(es) and antibiotic susceptibility tests were performed as previously described. 19 Characteristics of these isolates are summarized in Table 1 .
DNA isolation, PCR, nucleotide sequencing and analysis
Genomic DNA was prepared from bacterial colonies on 5% blood agar plates (Becton, Dickinson and Company, Franklin Lakes, NJ, USA) using the DNeasy tissue kit (Qiagen, Hilden, Germany) and amplified using PrimeSTAR GXL (Takara Bio Inc., Shiga, Japan) according to the manufacturers' instructions. PCR products were visualized by agarose gel electrophoresis and the sizes of the amplicons were compared with those of published sequences. Sequencing was performed using the primer walking technique, as follows: PCR products were purified with Agencourt w AMPure w XP (Beckman Coulter, Inc., Danvers, MA, USA) and analysed on an ABI 3100 or 3130 XL Genetic Analyzer (Applied Biosystems, Foster City, CA, USA) using a BigDye TM Terminator Sequencing Kit (Applied Biosystems). Sequence homology and identity comparison with published sequences were performed with the DDBJ BLAST sequence search (http://blast.ddbj.nig.ac.jp/blast/blastn?lang=en) or NCBI BLAST sequence search (http://www.ncbi.nlm.nih.gov). ORF Finder (http://www.ncbi.nlm.nih.gov/projects/gorf/) was used to identify possible open reading frames (ORFs). Genetyx Version 5.1 (Software Development, Tokyo, Japan) was used to perform pairwise alignment and calculate sequence identity.
Determination of genetic organization and nucleotide sequences of the ACME -SCCmec composite island
The genetic organization of ACME and SCCmec in SR144 and SR388 was determined using long-range PCR (LR-PCR) based on published sequences of the ACME-SCCmec composite islands from M1 (GenBank accession number HM030720) 6 and M08/0126 (FR753166), 10 the whole genome The antimicrobial agents tested were oxacillin (OXA), ampicillin (AMP), cefoxitin (CFX), vancomycin, gentamicin (GEN), kanamycin (KAN), fosfomycin (FOF), tetracycline, minocycline, ciprofloxacin (CIP), clindamycin (CLI) and erythromycin (ERY). The sequence type (ST) was determined by MLST. Novel ACME-SCCmec composite islands in CA-MRSA clones 1829 JAC sequence of N315 (BA000018) 20 and the genome sequence of type V SCCmec from PM1 (AB462393). 21 The primers used in LR-PCR are listed in Table 2 .
Nucleotide sequence accession numbers
The nucleotide sequences of the ACME-SCCmec composite islands of SR141 and SR388 have been deposited in GenBank under accession numbers AB665980 and AB665981, respectively.
Results
ACME -SCCmec composite island in SR141
Six PCR primer sets were designed: A, B, C, F, G and H (Table 2 and Figure 1 ). First, we determined the location of ACME. LR-PCR using primer sets A, B and C yielded amplicons of 2 kb, 15 kb and 400 bp, respectively, which indicated that ACME is inserted between orfX and the SCCmec. The sequence covered by the above three overlapping fragments contained two direct repeat (DR) sequences, DR1 and DR2 (Figure 1 ). The nucleotide sequence from DR1 to DR2 included the arc gene cluster and its flanking regions (from orf SE_0098 to SE_0111) found in S. epidermidis ATCC 12228 (AE015929), but not the opp3 gene cluster. The entire sequence had .90.5% nucleotide sequence identity to the homologous region of ATCC 12228, 1 M1 6 and M08/0126, 10 referred to as DACME II in M08/0126. However, the ACME II-like element of SR141 was longer than the equivalent region in the three clones (which was inserted with 1877 bp of the nucleotide sequence with no similarity to published ACME sequences to date) (Figure 1) . A total of 1605 bp (from 11 229 to 12 833 bp) of the sequence, based on nucleotide BLAST search, was identical to transposase IS1182 reported from S. aureus M06/0075 22 and Staphylococcus pseudintermedius ED99. 23 The 15677 bp of sequence immediately following the DR2 exhibited .99.0% identity with the J3 region and the class C2 mec complex of type V SCCmec in S. aureus strain PM1 and JCSC6944 (Table S1 , available as Supplementary data at JAC Online). All data indicated that SR141 harbours an ACME II-like element upstream of its type V SCCmec.
ACME -SCCmec composite island in SR388
PCR primer sets A, C, D, E, I and J were used (Table 2 and Figure 1 ). Primer set A yielded an amplicon of 14 kb. In contrast, a primer pair designed to amplify the junction region between J1 of type II SCCmec and ACME failed to amplify any sequences, indicating that ACME was inserted between orfX and SCCmec, and not downstream of SCCmec. Three overlapping amplicons obtained using primer sets C, D and E covered the region from orfX to the J3 region of type II SCCmec. The nucleotide sequences ( 30 kb) contained three DR sequences ( Figure 1 ). The 12.0 kb sequence flanked by DR2 and DR3 showed .99.8% nucleotide sequence identity with DACME II in M08/0126. 10 The sequence ranging from DR1 to DR2 ( 11.5 kb) had significant similarity to part of the J1 region of SCCmec I (DJ1 SCCmecI) in the ACME-SCCmec composite island of M08/0126, but the insertion site was different. In contrast to M08/0126, SR388 harboured the DJ1 SCCmecI between orfX and DACME II. The 14 975 bp of sequence following DR3 (which was amplified by primer sets E, I and J) (Figure 1) showed .99.50% identity with the J3 region and the class A mec complex of type II SCCmec in S. aureus strain N315 (Table S2 , available as Supplementary data at JAC Online). Figure 1 . Schematic drawing of the genetic organization of ACME-SCCmec composite islands in CA-MRSA SR141 and SR388. ACME-SCCmec composite islands identified in this study (framed) are compared with that in M08/0126 (FR753166). Light grey boxes indicate ACME II-like elements. Genes are indicated by arrows. Black arrows indicate orfX and mecA, dark grey arrows indicate the genes belonging to the arc cluster (the order of genes is arcC, arcB, arcD, arcA, argR), white arrows with dots indicate IS431, a white arrow with diamonds indicates IS1182 and white arrows indicate other genes. Approximate targets of long-range PCR with primer sets A to J (listed in Table 2 ) are shown by filled triangles and solid lines. Possible IR/DR sequences and ORFs between the orfX and the ACME-SCCmec connecting site in SR141 and SR388 are listed in Tables S1 and S2, respectively.
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Sequence variation in the ACME-arcA gene
We compared the entire nucleotide sequence of the ACME-arcA gene in this study with published sequences (Table 3) . SR141, SR388, M1 6 and M08/0126 10 carried an identical ACME-arcA gene, which showed two nucleotide substitutions compared with USA300 (at positions 270 and 408) and ATCC 12228 (at positions 376 and 801). The sequence variation of ACME-arcA does not correlate with the lineages because an identical sequence was found in isolates from distinct STs: ST5 (SR141 and SR388), ST8 (M1) and ST22 (M08/0126). Likewise, USA300 and M1, which share a common ST, harbour the distinct ACME-arcA.
Discussion
The genetic characteristics of ACME II-like elements adjacent to type V SCCmec and type II SCCmec in two ST5 CA-MRSA isolates were identified and described in this study. Both isolates harboured a truncated form of ACME II that was inserted upstream of SCCmec. ACME, located between orfX and SCCmec, has previously only been identified in ST8-and ST22-MRSA carrying type IV SCCmec, and there have been no reports of ACME being inserted upstream of other SCCmec types.
6,10 These two isolates in the present study (SR141 and SR388) showed generally similar drug resistance and toxin gene profiles to those of the ACME-arcA-negative ST5 MRSA isolates collected in Japan. 19 Therefore, this suggests that the ACME-arcA-positive ST5 MRSA in this study may have emerged through acquisition of the ACME II-like element from other staphylococci. ACME II has primarily been identified in S. epidermidis ATCC 12228 and had not previously been found in S. aureus, indicating that S. epidermidis acts as a reservoir of ACME for S. aureus.
2 The carriage of ACME is highly prevalent among MRSE, 3 and ACME from S. epidermidis displays high genetic diversity.
2,3 Therefore, ACME II-like elements in S. aureus M1 and M08/0126 are likely derived from CoNS, including S. epidermidis, by interspecies transfer.
6,10 High sequence identity within ACME II-like elements among MRSA isolates in the current study, as well as others identified previously, 6, 10 suggests that the ACME II-like element inserted upstream of SCCmec in these four strains (SR141, SR388, M1 and 15 ST22-MRSA-IVh isolates) originated from the same ancestral form. While the sequence of ACME-arcA is well conserved (.99.6% nucleotide identity), four single-nucleotide substitutions were identified in the present study (Table 3) . Barbier et al.
3 classified ACME-arcA sequences (internal 671 bp sequence from 282 to 952 bp) found in the 51 MRSEs into four allotypes, a to d. Allotype c corresponds to the ACME-arcA gene carried by SR141, SR388, M1 and M08/0126. Allotype c, the predominant type in the bacterial population, was prevalent in MRSEs from Algeria, Cambodia and France. Some of these MRSE isolates may act as candidate reservoirs of an ACME II-like element. Allotypes a and b were homologous to ACME-arcA in MRSA USA300 clone and S. epidermidis ATCC 12228 clone, respectively. In previous studies, the genetic diversity near the arc gene cluster in S. epidermidis was characterized based on restriction fragment length polymorphism (RFLP) analysis using ClaI, and seven types of patterns were identified.
2 The ACME II-like element in SR141 and SR388, as well as in M1 and M08/0126, has three ClaI sites, and the distance between the sites was 1240 bp (between the first and the second site in Figure 1 ) and 7229 bp (between the second and the third site in Figure 1 ), which would result in the same pattern as 'pattern 3'. This RFLP profile (pattern 3) was prevalent in S. epidermidis isolates recovered from Cape Verde, Denmark, Italy, China and Taiwan. In contrast, S. epidermidis ATCC 12228 would yield a different profile, referred to as 'pattern 2', because the RFLP fragments should be 1240 and 7622 bp. Accordingly, the possible ancestral form of the ACME II-like element in SR141 and SR388 was found in the genomes of S. epidermidis clinical isolates from wide-ranging areas including Europe, Africa and Asia. This supports our hypothesis that interspecies transfer of ACME II-like elements occurred in Japan; furthermore, it predicts the dissemination of this type of ACME II elsewhere because it has now been identified in three distinct genetic lineages and in three different geographic areas. Although ACME II was first identified in ATCC 12228, this strain does not appear to contain the possible ancestral gene of the ACME II-like element inserted upstream of SCCmec.
Unexpectedly, the four MRSA isolates with distinct genotypes carried apparently identical sequences (Table 3) . Sequence variation tends to vary according to the insertion site of ACME rather than the lineage or SCCmec type. However, considering the small number of MRSA clones with ACME II upstream of the SCCmec found in this and previous studies, 6,10 further work is required to confirm these findings and to elucidate the relationship between sequence diversity in the ACME-arcA gene and its insertion site.
The ACME II-like element in SR141 also included IS1182, creating a new variant form of ACME II. Whether the insertion of IS1182 occurred in S. epidermidis or certain CoNS prior to interspecies transfer of ACME, or occurred in S. aureus after transfer, remains unknown. The fact that ACME with IS1182 has not been reported in S. epidermidis and that the similar ACME II-like element lacking IS1182 (DACME II) has been identified in S. aureus suggests that IS1182 was inserted in S. aureus after the ACME II-like element was transferred. While their origin remains obscure, IS1182 and IS431 may promote genetic rearrangements. 24 USA300  8  IV  C  G  C  T  down  M08/0126  22  IVh  T  G  T  T  up  M1  8  IVa  T  G  T  T  up  SR141  5  V  T  G  T  T  up  SR388  5  II  T  G  T  T c 'up' indicates that the ACME is inserted upstream of SCCmec and 'down' indicates that the ACME is inserted downstream of SCCmec.
Urushibara et al. ACME in USA300 may have contributed to its successful dissemination, and strain M1, carrying the ACME II-like element, spread easily in nursing homes in Copenhagen.
6 ACME, including ACME II-like elements in this study, may provide a selective advantage to MRSA with genotypes other than ST8-MRSA-IV, especially in ST5-MRSA-II. In Japan, ST5-MRSA-II (also known as the New York/Japan clone) has become predominant in both hospital-acquired MRSA 25, 26 and CA-MRSA. 27, 28 LR-PCR and partial nucleotide sequencing targeting the J1 region of SCCmec suggested that SR388 harboured type II SCCmec identical to the N315 strain (data not shown). The entire ACMESCCmec of SR388, from DR1 to the attL, is estimated to be .70 kb. ACME in ST8-MRSA-IV increases its ability to grow and survive. In contrast, large SCC elements are believed to reduce overall fitness. These two conflicting views might explain why only a few ACMEs had been detected among these widespread clones; only eight ST5-MRSA-II clones have been reported to harbour ACMEs to date: six USA100 clones, 4 NARSA 642 29 and CC5-V. 30 The ACME II-like element in SR388 is the smallest ACME (DACME II), which likely does not have a high fitness cost. The prospective examination of DACME II carriage in ST5-MRSA-II and other lineages of MRSA may reveal the potential benefits conferred by the ACME II-like element.
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